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CHapter-l Introduction 
INTRODUCTION 
The angular distributions in the elastic and inelastic scattering of hadrons 
and composite objects from nuclei have extensively been studied both 
experimentally and theoretically over the last several years. Apart from this we 
have also witnessed an increasing theoretical interest in investing the total nuclear 
reactions cross section data; these studies may be important from the point of view 
of obtaining a better picture of the reaction mechanisms when different models 
predict similar angular distributions for elastic scattering. 
On theoretical front, the Glauber multiple scattering theory (GMST) [1] 
has been found to be a quite successful tool for providing microscopic description 
of hadron-nucleus collisions at intermediate energies [2-7]. The results of this 
description provided valuable information about the importance of nuclear 
correlations and the matter density distributions. Encouraged by this, many 
authors extended GMST to study nucleus-nucleus collision [8-13] at low and 
intermediate energies. However, it turns out in this case, the analytical evaluation 
of ihe full Glauber amplitude for the realistic description of the nuclei is a 
computationally difficult task [14,15] Due to this, most of the analyses have been 
carried out by invoking the optical-limit approximation (OLA) [14,15] which 
considers only the leading term in an expansion of the nucleus-nucleus phase shift 
function. This leading term involves one-body densities of the colliding nuclei, 
while the neglected terms depend upon the two-body and higher order densities. 
These analyses demonstrate that the OLA works reasonably well provided proper 
care is taken for the centre-of-mass (cm.) correlations and Coulomb distortion of 
the trajectories [11,12]. It is also observed that the predictions of the OLA become 
less satisfactory especially at large momentum transfers as the energy of the 
projectile increases [11,12]. 
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In order to see how far the inclusion of higher order terms in OLA 
improves the theoretical situation at relatively higher energies, EL-Gogary et al. 
fl6] performed full Glauber series calculation using the techniques developed by 
Yin el al.. [17] and Huang [18]. Using somewhat realistic one-body densities for 
the colliding nuclei and the usual (one-term) Gaussian parametrization for the NN 
amplitude [11,19] the authors [16] studied the elastic angular distribution for '^C-
'Y^ scattering at 1.016, 1.449. and 2.4 GeV. The results of this analysis are found 
to be better than the OLA results, except at 2.4 GeV where the theoretical results 
show noticeable disagreement with the experimental data. 
In another approach, Ahmed et al. [19] also analyzed the "C- C elastic 
scattering data at 1.016. 1.1449, and 2.4 GeV within the framework of the 
Coulomb-modified Glauber model [11,12] by retaining up to the two-body density 
term of the nuclear phase expansion series [15]. Using the realistic densities for 
ihc colliding nuclei, one is able lo get better description of experimental data at 
1.1016 and 1.449 GeV employing the phase of the NN amplitude. The situation at 
2.4 GeV, though better than the OLA results, remains, still, unsatisfactory. In this 
connection, it becomes important to mention the phenomenological approach of 
Ahmed et al. [20,21] in which the authors have worked within the framework of 
the Coulomb-modified OLA, but obtained the NN amplitude phenomenologically. 
By varying the parameters of the NN amplitude, it was shown that some '^C-
nucleus and '0-nucleus scattering data could be explained satisfactorily well at 
several energies. In particular, the '"C-'^C elastic scattering data at 2.4 GeV is 
nicely reproduced. These findings led us to believe that the success of the 
phenomenological approach [20.21] seems to lie in the choice of the NN 
amplitude, as the results of other OLA calculations with the (one-term) Gaussian 
parametrization for the NN amplitude are not found to be as satisfactory as the 
phenomenological one. 
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Recently, Chauhan and Khan have analyzed the '^C-'^C elastic angular 
distribution and the reaction cross section data at 1.1016, 1.449 and 2.4 GeV [13] 
and "'O -nucleus elastic angular distribution data in the energy range 300 MeV -
1.503 GeV [22] within the framework of the Coulomb-modified [11,23] 
correlation expansion for the Glauber amplitude [23]. In these works, emphasis 
has been put on the parametrization of the basic (input) NN amplitude that may be 
used for a wide range of angles [24]. By retaining the first two terms of the 
correlation expansion and using the realistic densities for the colliding nuclei, it 
was shown thai the consideration of higher momentum transfer components of the 
NN amplitude, and hence the nondifferactive behavior of the NN amplitude, 
provides remarkable improvement over the usually parameterized (one- term) 
Ciaussian NN amplitude and we have quite a satisfactory account of the data up to 
the available range of the momentum transfer. 
Coming to the NN amplitude [13.22] it may be noted that though it predicts the 
experimental values of the NN total cross section [25] and the ratio of the real to 
the imaginary parts of the forward NN amplitude [26] the consideration of its 
higlier q components may not predict the same low-q behavior as that obtained 
IVoni the (^one-term) Gaussian parameterization [27,28] of the NN amplitude. 
Keeping this in mind, Chauhan and Khan have studied the elastic angular 
distribution (29] and the total reaction cross section [30] for a-nucleus collisions 
in the energy range 17-70 MeV/nucleon within the framework of the Coulomb-
modified Glauber model in which the author employed a semiphenomenological 
parametrization for the NN amplitude that may preserve low -q behavior whereas 
high-q components are treated phenomenologically. The results of these analyses 
[29,30] clearly demonstrate the need for high-q components of the NN amplitude 
in any realistic study of the nucleus-nucleus collisions at relatively lower energies. 
To get more insight into the findings of [29,30] we note that the consideration of 
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high q components of the NN amplitude is expected to influence the range of large 
scattering angles in nucleus-nucleus collisions. Unfortunately, the a-^ Ni, a- Sn, 
and a-"^Au elastic scattering data at 60 MeV/nucleon, considered in [29] do not 
cover large scattering angle (Gmax ~ 16°), we expect that the said data may not be a 
ver)- appropriate choice to assess the importance of the higher momentum transfer 
components of the NN amplitude. Thus, there is a need to undertake the analysis 
of those elastic angular distribution data for nucleus-nucleus collisions, which 
involves sufficiently large scattering angles. 
In the past Bonin et al. [31] measured the elastic scattering of 288, 340, 
and 480 MeV a particles on -'*'Ni, "^Sn, and ^"^Pb. Such studies were further 
carried out by Clark et al. [32] Youngblood et al. [33] and John et al. [34] in 
which the authors ha\'e measured the elastic and inelastic angular distributions of 
240 MeV a particles from a variety of target nuclei. The authors [31-34] have also 
analyzed these data using the single folding model treating a particle as a point 
particle. 
Nadasen el al. [35, 36] studied ''Li elastic scattering from '^C, ^*Si, '*Va, 
•''^ Ni. '^ "Zr, and "^'^ Pb at 210 MeV, and fitted the data with Woods-Saxson 
potentials. The same group has also studied inelastic scattering of 210 MeV ^Li 
ions from low-lying 2"" states in '"C, ^^Si, and ^^ Ni [37] and obtained quadrapole 
moments, which are found to agree with those measured with electromagnetic 
interactions. Chen et al. [38] and Krishichayan et al. [39,40] studied elastic and 
inelastic angular distributions for 240 MeV ^Li ions from ^''Mg, ^^Si, "^''^ ^Ca, ^ ^Ni, 
'^ "Zr. and "^Sn. The authors [38-40] fitted the elastic scattering data with the 
double folding model using several NN interacfions, and the B(EL) values were 
obtained for low lying 2' and 3' states. It s found that their B(EL) values agree 
with the adopted \'alues. and the values obtained from the electron inelastic 
scattering and a inelastic scattering. 
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In the present context, the usefulness of ^Li scattering experiments [35-40] 
is connected with the availability of data up to relatively large scattering angles as 
compared to a-nuc!eus one considered in the earlier work [29]. Moreover, it may 
be emphasized that our analysis of Li scattering considers the microscopic picture 
of nucleus-nucleus collisions in which the NN amplitude is treated as 
'elementary". One hopes that the analysis of these data may be more helpfiil in 
providing a better understanding of the higher momentum transfer components of 
the NN amplitude. Keeping this in mind, we propose to analyze the elastic angular 
distribution for the scattering of "Li from '^"^ Si, ^ '^^ ^Ca, ^^Ni, ^ % and ""Sn. The 
analysis is based upon Coulomb modified correlation expansion for the Glauber 
amplitude, whose first term contains all orders of scattering with no correlations, 
while the others depend successively upon the two-, three-, and many-body 
densities (correlations) of the colliding nuclei. Since the NN amplitude forms the 
basis of Glauber model calculation, our main focus, in this work, would be to see 
how far the higher momentum transfer components of the NN amplitude obtained 
in Ref [29] helps in accounting for the proposed set of elastic scattering data, and 
to see what could be said about the behavior of the NN amplitude at a given 
incident energy/nucleon for different systems involved in the collision process. 
Once the higher momentum transfer components of the basic (input) NN 
amplitude are adjusted from the analysis of *'Li-nucleus elastic scattering, the 
Glauber model with the same input could be used to study the ^Li angular 
distributions for the low -lying states of different target nuclei with no free 
parameters; this study may provide an additional test to assess the importance of 
higher momentum components of NN amplitude in nucleus-nucleus collisions at 
energies under consideration. 
In chapter 11 we describe the Glauber scattering theory. Chapter III consists of a 
review of the correlation expansion of the Glauber amplitude. The numerical 
results are presented and discussed in Chapter IV. 
M M 
^ n 
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(a) Hi2h Energy approximation for the scattering by a static potential 
In quantum mechanics, we generally encounter three classes of 
approximation methods to handle complex problems. They are: perturbation 
method, variational method, and semi-classical method. Perturbation method 
produces series expansion for the quantities of interest in powers of a variable, 
which specifies the departure of the given problem from exactly soluble case. For 
example, in scattering problems, the scattering amplitude is expanded in powers 
of the strength of the potential, giving the well known Bom series. 
Variational method produces the estimate out of a given class of trial 
solutions. Semi-classical approximation is used in situations involving large 
quantum numbers or when the de Broglie wavelength associated with relative 
motion is much smaller than the characteristic dimensions of the system. More 
precisely semi-classical methods are used to obtain expressions for wave functions 
and other quantities of interest, which are correct in the limiting case where 
Plank's constant is small in comparison with the action functions occurring in the 
corresponding classical problem. 
The semi-classical method for quantum scattering problems assumes a 
rather simpler form in the domain of medium and high energies where it may be 
safely assumed that the projectile follows a straight line trajectory within the 
interaction region. This straight line or the eikonal approach has been extensively 
studied and developed for the medium and high energy nuclear scattering by the 
Glauber and others, is known in the literature as Glauber model. 
In the following we will mainly deal with the eikonal description or the 
Glauber model for nuclear scattering at medium and high energies. We will first 
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consider high energy potential scattering to drive a simple expression for the 
elastic scattering amplitude in terms of the interaction potential. This result will 
next be used to develop a microscopic description of the nucleus-nucleus 
scattering. 
Let us start by assuming that the incident particles are scattered by a static 
- » 
force field, which may be represented by a potential V ( r )The energy of the 
incident particle of mass m is taken to be 
E--=hV/2m, (1) 
where the symbol k denotes the momentum of the incident particle. The 
scattering problem involves the solution of the Schrodinger equation': 
2m {W' +k') v/(r) = — F ( r ) y / ( r ) (2) 
subject to the boundary condition that at large distances from the interaction 
region occupied by the potential, the wave function of the system i//(r) has the 
asymptotic form: 
-> -, ikr 
yj(r)^e"'- +f{e) , ( a s r ^ o o ) (3) 
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that is the sum of the incident plane wave and an outgoing spherical wave with 
scattering amplitude/(^^^ and it is related to the scattering cross section as: 
, Flux through dQ. . ..^.a ,r^ . . . 
do- = ^^  =\f{0)\ do. (4) 
Incident flux 
It can be easily shown that that the solution of eq. (2) satisfying the proper 
boundary condition eq. (3) may be given as 
where 
(5) 
G{r,r') = - - ± ^ - ^ (6) 
The required asymptotic form of the above wave function is 
(//(r)-> e'* '• - - ^ — e-' ' V ( r ' ) .//(r ') J r ' , (7) 
Ann' r -' 
Now comparing eq. (7) with the asymptotic form, eq. (3), we get the following 
- > 
expression for the scattering amplitude for scattering from direction A: to a the 
—> —> -^  
direction k' (|A:'| = | ^ | ) , 
fit h = - - ? ^ I e-'^ 'V Cr) ^ (r) d-p, (8) 
4nn' •' 
10 
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It is clear from eq. (8) that the wave function i^{r) is needed only in the region 
where V ( r ) 7^  0, in order to have an accurate evaluation of the scattering 
amplitude. 
We thus see that our scattering problem involves the solution of the 
Schrodinger equation in the nonzero potential region. However, in general, the 
Schrodinger equation cannot be solved exactly by analytical method, therefore 
some approximation method is called for obtaining the scattering amplitude. 
In the following we give a brief account of an approximation method for 
solving the high energy scattering problem as developed by Glauber [1] The 
method, as we shall see. provides one to exact estimate correctly the intensity of a 
predominant part of the scattering. 
'o-
We initiate the discussion of the approximation method by writing the 
integral eq. (5) for the scattering of a spinless particle from a static potential as 
i/yCr)=e'^ ' - ^ \ " - ^ V {?) ^ (F V ^ ' (9) 
\r- r \ 
Now if the energy E of the incident particle greatly exceeds the magnitude of the 
interacting potential V ( r ): V/E « 1, and that the value of E is such that the 
associated wavelength is much smaller than the range of the potential a: ka » 1, 
then under these conditions we are justified in assuming that the backward 
scattering would be very weak. In such cases it is very imlikely that in traversing 
11 
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the potential, the particle will be deflected greatly from the initial direction, so that 
the scattering is heavily concentrated at small angles. Therefore, the wave 
function i//{r) of the incident particle may to a good approximation be written as: 
,;/ ( r ) = e ' * '• v ( r ), (10) 
which is the product of the incident plane wave and a function v(r) which varies 
slowly over a particle wavelength. Substituting eq. (10) in eq. (9), we get: 
-) ik\i'-r'\-i k {r - r') 
^(0 = 1--—T V(r')v(r')dr' (U) 
^ I r - r ' l 
Defming a new position variable r" by 
r"' - ; - ? (12) 
the eq. (11) may be written as 
o (ikr" - i t ;•'') 
v(r) = 1 I V (r-A '^) v{r-n dr" (13) 
Now if we assume that the product of the functions V( r ) and v(r) both vary 
slowly in a particle wavelength, 1/k, the regions in which the exponential 
oscillates rapidly may be expected as to reduce the contribution of the integral on 
the right hand side considerably. If we consider points r , which lie within the 
volume occupied by the potential, the maximum contribution to the integral will 
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come from the values of r" lying close in the direction to k, since for these 
values the exponential is nearly constant. 
To be more specific, let us assume that the functions V(r ) and v{r) 
vary appreciably only within a distance d. Pending a detailed discussion on d, we 
for the time being assume it to be much larger than X / 2K { =l/k). Integrating the 
right hand side of eq. (13) over the angular variables by parts we have 
v{r) = \ + — \dr'' 
where 
r ( r - r " ) v ( r - r " ) 
ik 
//=+i 
/'=-i 
/ 1 ^ 
+ 0 
\kd J 
(14) 
f^ \ 
V J 
JLI = COS 
The terms neglected by the asymptotic approximation are, as indicated, of relative 
order 1/kd, The limit |.i = -Icrresponds to the points r" anti-parallel to k . Since in 
this case the exponential xarics rapidly, the contribution corresponding to |.i = -1 is 
order of 1/ kd and is therefore negligibly small. We are thus left simply with the 
—» —> 
term corresponding to r" parallel to k . 
v ( r ) = l — ^ f F ( / - r " ) v ( 7 - O U dP' 
rlk 
(15) 
where v is the velocity of the incident particle. 
13 
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The appearance of the above equation is somewhat simpler in Cartesian 
coordinates. We choose the positive z-axis to lie in the direction of propagation A:, 
thus obtaining 
v(x,y,z)=l — r V(x,y,z-z")v(x,y,z-z")dz" 
= 1 - T ^ r V(x,y,z')v(x,y,z')dz' (16) 
ft 1/ * 
The solution of eq. (16) is immediately seen to be 
v(x,y,z)=e '^" •"' (17) 
so that the approximate wave function is of the form 
7. 
,kz-~^ {V(x,y,z')dz' 
i//{x,y,z) = e "^' ' , (18) 
Recalling the scattering state boundary condition that at large distances, the wave 
function should consist of the incident plane wave and an outgoing spherical 
wave. We see that wave function, (eq.l8), is missing a good many of the things 
one looks for a three dimensional wave function, e.g., a spherical outgoing wave. 
But it should be remembered that the arguments leading to eq. (18) are intended to 
hold only within the volume occupied by the potential. Therefore the expression 
(18) need not represent the wave function for larger distances. Fortunately, as we 
14 
Cliapter-2 CoURsion Tfteory 
have pointed outfrom eq. (9), it is only necessary to know the wave function 
within the range of the potential in order to calculate the scattering amplitude. 
Before evaluating the scattering amplitude, it will be convenient to define certain 
coordinate vectors. Let k be the unit vector, 
^ =1, 
pointing in the direction of the incident propagation k which, as before, will be 
taken to lie along the positive z-axis. Then any position vector r may be resolved 
in two components. 
r = b + kz, (19) 
where h is the impact vector lying in a plane perpendicular to k (Fig. 1 (a)). With 
this notation, the wave function i//{r) as given by eq. (18) may be written as 
^ (r )= e '^ (20) 
Next substituting, the above wave function into the expression (8) for the 
scattering amplitude, we obtain 
-> ^ 2m r r,>-' -> ik.r—=f"' V(b+kz')dz' 
f(k,k'):=-J:!^^e'"V{r) e ^^'' dzdH^ (2i) 
where drh denotes the integration over the plane of the impact vectors with the 
help of eq. (19). the above expression can be written in the following form: 
15 
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fik,k^) = - 2/77 
47rfi r l 
(22) 
—> —> 
Now, energy conservation requires, | ^ ' | = |/: | so that for small scattering angles 
-> -> -» 
the vector (k~k') is nearly perpendicular to the beam direction A:.In fact, the 
error of approximating the exponential exp i(k-k').kz by unity is only of order 
(1-COS0) kd - 9^kd, where 6 is the scattering angle and d is the distance within 
which V and v vary appreciably. Further, 9 kd the quantity should be much 
smaller than unity i.e. 
G ^ M < < 1 . 
with this simplification, the z integration is simply that of an exact differential and 
leads to: 
fik,k') = 
2 n i 
' ( k ~k') b tiv 
\ ' , V (b+k z') dz' 
d'b. 
or 
J. TT W 
file J') = — ^ \d(P \bdb e 
0 rr i J J 
2 ikbSm — Cos V , , , , 
2 L'-f <*' 
IT: i
[^'.(*) _ l ] 
(23) 
(24) 
16 
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where ^is the scattering angle and ^ is the angle between (k-k') and b , and 
Z{b) is the phase shift ftinction , 
Zib) = - ^ r ^ ih+kz') dz' (25) 
This is the basic result for the elastic scattering amplitude of a spineless particle 
from the interaction potential V( r ). 
For potentials with azimuthal symmetry, we may further integrate the 
angular part in eq. (24), the result is 
fiq) = ik [ J,iqb)^\-e'''^^^bdb, (26) 
1 
^ o ( ^ ^ ) = — f e'^'^-' d(l>. 
where cj = {k~k ) is the momentum transfer, Jo is the zeroth order Bessel 
function, and 
Zib) = -4^ r V Cb+'kz') dz' {11) 
is known in the literature as the phase shift function. 
ft will be convenient to abbreviate these formulae by defining what is 
generally termed as the profile function 
17 
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Y{t) = \-e"'^\ (28) 
Then the scattering amplitude for the momentum transfer h^ is just the two-
dimensional Fourier transform of r ( 6 ) : 
f{:i) = 2L r e ' ' ? ' r ( 6 ) d'b. (29) 
in •' 
The inverse Fourier transform of the scattering amplitude will give the profile 
function 
1. e. 
r ' ( ^ ) - - y ^ J '"'' ^( '^^  '^^ '' (^ °> 2nik 
where d'q'xs a two-dimensional element of integration in a plane perpendicular to 
—> 
A:.The expression (26) represents the scattering amplitude accurately as long as 
the momentum transfer q remains small compared to the incident momentum X. 
In the absence of any fundamental theory of particle interaction, the phase 
shift function xi^) and the profile function can not in general be predicted: They 
are, in effect, no more than alternative way of writing the scattering amplitude. 
They can, however, be very useful in treating scattering by many particle system. 
So far we have not said much about the approximations that have been 
used in deriving the expression (26) for the scattering amplitude. We shall now 
take a close look at the accuracy and the limitations of the above approach. 
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In the above derivation we have used the fact that if V and v are slowly 
varying functions of r and vary appreciably only over a distance d, we may 
consistently neglect terms of order 1/kd. This raises the natural question as to what 
is the distance d. To investigate this let us assume as before that the potential 
varies appreciably over a distance a. According to Eq. (17), v ( r ) varies 
appreciably over the distance hv IV. Evidently, the distance d is, in order of 
magnitude, the smaller of these, i.e., for 
we have 
and for 
we have 
V a I h V <1, 
d~ t/. 
V alfi v>l, 
d ~ fivIV 
In either of these cases we evidently require both the conditions 
ka»\ and VIE«\. (31) 
Next in order to find the angular range of the approximation wc use the limitation 
e-kd«\. 
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Therefore, for 
ValfivKl, 
we see that the approximation is consistent for only angles smaller than the angle 
of order of magnitude 1 / -^jkU; 
hence 
0 < () y\~i~kl) {V alhvZ.\), (32) 
On the other hand, for 
V alfiv>\, 
we have 
0 < o (Vr~7T) : (V a /fi ^ > ] ) , (33) 
Both of tliese according to our assumptions, eq. (31), are indeed small angles. 
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(b) Glauber multiple scattering theory 
(i) Nucleon - Nucleus Scattering 
In the previous chapter we have considered the problem of potential 
scattering and obtained the basic result for the scattering amplitude. We now 
generalize the potential approach for a system of particles. Although, the present 
discussion is specialized to intermediate and high energy nucleon-nucleus 
scattering, yet the method is quite general and can be profitable applied to other 
appropriate situations. For example, the method has been applied to study the 
electron-atom scattering and has been found be to quite successful. 
Let us begin the discussion by considering collisions of the incident 
nucleon with (target) nuclei in terms of encounters with the constituents in the 
target and ignoring the spin and i-spin degrees of freedom of nucleons. The 
incident nucleon on entering the nucleus may collide with a single target nucleon, 
or with many in succession. The problem is complicated by the fact that the range 
of interaction of the incident particle with a nucleon may not be smaller than the 
distances which separates nucleons in the nucleus. It will often happen, therefore, 
that the incident particle interacts strongly with several nucleons at once. The 
general treatment of such problem by means of multiple scattering theory is well 
known to be rather complicated. It is at this point that the use of diffraction theory 
leads to great simplification. 
In the elementary diffraction theory, the phase shift brought about by a 
nucleon is the same as if the interaction region surrounding it were a medium with 
an appropriately chosen complex refractive index; the interaction region absorbs, 
perhaps appreciably, and refract slightly as well. We may imagine then that, as in 
optics, when a wave passes through two or more such regions, the changes, which 
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take place in its amplitude, are multiplicative. If that is true, then we need not 
know the detailed structure of the individual interaction; the total complex phase 
shift of the incident wave is simply the sum of those produced by the individual 
nucleons. 
To be more specific, let us assume that a set of A target nucleons occupy fixed 
positions ?,. v, , ? , relative to the axis of collision. The vectors 
X|, .v, ,?4 are projections of the position vectors r|,r,, ,r^ of A target 
—> 
nucleons on a plane perpendicular to k (Fig. (b)). The wave representing the 
incident particle passing through the entire system acquires a total phase shift XN 
{ h; s\, , s 4) depends on the positions of the nucleons, as well as on the impact 
parameter b.Our basic assumption is that the total interaction V^ (n, ,rA) 
between the projectile and the target nucleus is the sum of individual interactions 
between the projectile and the target nucleons, i.e., 
V, (;,,....,;,) =2; V{r,), (34) 
where V ( r , ) is the interaction between the projectile and the i"' target nucleon. 
This leads to 
'/\(^'i'i. ^^ 1) __ '/ri(^-?i)+ ^(/ , ( i -?4) 
^ - ^ , (35) 
where jj^ is the phase shift function for the/' ' target nucleon. 
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If we define the profile function 
r , {b; 1, , 1A) = l-e'^-*"^-^'' ' ^'\ (36) 
for the entire set of nucleons, then we see that composition law for the profile 
function 
A 
i-rj(b-sj) (37) 
where F, is the profile function for the/' ' target nucleon. By expanding the product 
in eq. (37), we obtain the sum 
rAb^s^ ^ J - I rj(b-lj)-X r,(^-5;)r^(J-?„,) 
j ^ \ j<m 
+ 2^ Yi{b- s,)T^{b- s ,)Tk{b-s^) + A terms. 
(38) 
This expansion plays quite a basic role in the multiple diffraction theory; the first 
term corresponds to the coherent scattering A distinct nucleons, the second term 
describes the successive scattering from two nucleons, and so on and so forth. 
The target nucleons are, of course, not fixed but moving in the inside the 
nucleus and they are more or less free to recoil. The dynamical behavior of the 
nucleons may be taken into account if we assume that the energies transferred in 
the elastic collision processes are negligibly small, and that the initial nucleon 
velocities do not alter the basic interactions. With these assumptions, it is not 
difficult to show that the amplitude for collision in which the nucleus goes from 
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an initial state |/) to a final state | / ) , is simply given by the matrix element of the 
function f^  {h\s, .v A ) : 
F„(?) = : ^ - J . - * / r.v {b;s^ s A) i)d^b. (39) 
The function F^ {h;s^ ~sA) must be invariant under coordinate translations 
Hence, if the states i) Cind | fj take proper account of the centre-of-. mass 
motion of the nucleons. we will find that F /, (q) contains a factor of three 
dimensional delta function, which expresses the conservation of total momentum. 
The scattering amplitude which we measure is the factor which multiples this 
delta function. It is easy to show that this scattering amplitude, let us call it 
—> — 
F,, (c/), takes the same form the expression F /, (q) would take for scattering by a 
nuclear system whose centre-of-mass is constrained to remain fixed at the origin. 
If (j), and ^^  are the internal wave functions of the nuclear system for the 
initial and final states respectively, then we may write the scattering amplitude 
Fii(q) in the form 
(40) 
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in which the delta function expresses expHcitly the constraint upon the nuclear 
centre-of-mass. If we express the function F .^ by means of the composition law 
(37), we then have 
ik F„{q) = -^\ e"''' I <P*M^,]) 
In / = ! 
1 - n h - ry (6 -^ , ) 
^,(['^])^^[^Z>^]^ d^r„.d'-h. (41) 
For practical purposes it is convenient to express F^,(i/)in teiTns of the basic NN 
amplitude/'^ {q). This can simply be achieved through Eq. (30). The result is 
ik r ,,7L* r.... , .^ ,. . -n- L 1 
^ ( ? ) = f >"^^7^*. an]) 1-n 1-7^1 e-""'-^'f,(l)d% 
I V 27dk 
xi(Cr^])S^-^Y.^j^Yl ^K^d'b. (42) 
If we expand the product in the integrand in eq. (42) and examine the successive 
terms which result, what wc i"ind is a species of multiple scattering expansion. It is 
worth noting, for example, that the same nucleon index never occurs twice in any 
of the multiple scattering terms and that in a nucleus with A nucleons, one never 
has more than A-fold scattering. These simplifications are present because the 
scattering is implicitly assumed to take place mainly in the forward direction. 
Here il may be noted that the above formulation does not take into account 
the effects due to Coulomb scattering. In order to include Coulomb scattering in 
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the above formulation, we follow the approach of the Glauber and Matthiae [42] 
according to which the nucleus is replaced by a spherically symmetric charge 
distribution (since at higher energies the Coulomb part of the total scattering is 
much weaker than the nuclear part and at very small angles the effects of the 
deformation may be neglected). So the modified expression for the elastic 
scattering amplitude is rewritten as: 
With, 
^('?)=/,(?)+^^"""-'''v;([?,]|i- ^i(Xfj(hi^ J J + A, (6)) 
(43) 
l(q) = -2r]kexp(i^J/q' (44) 
x(b) = 2ijln{kb) (45) 
XAh)^S7rtjl:cIt/'pJt) In l + (l-b'/t') (b/t) -(\-b'-/tT 
(46) 
where r| = Ze' / hu is the Sommerfield parameter with Z as the target atomic 
number and \ the projectile velocity. The quantity Pch is the nuclear charge density 
and 
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(f)^ =-2rj\ln{qi2k) + 5]+2Y. 
r=0 
" tan-' " 
r+1 r+\ 
(47) 
with 8 as the Euler constant. 
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(ii) The Nucleus - Nucleus Elastic Scattering 
In this section we describe application of Glauber model for calculating 
nucleus-nucleus elastic scattering. For this we consider scattering of projectile 
nucleus B described by the wave function t/z^^"^ (r\ -.r'iH)) on the target 
nucleus A described by the wave function y/^ (/•', ,r'{A)) in the cm. system. 
—> —> 
The coordinates r, (/=:1,2, ,^)and r'^(j = \,2, 5)are the intrinsic 
coordinates of nuclei A and B, respectively. Let hK he the momentum associated 
with the relative motion of the two nuclei, the s,(i = \,2,....,A) and 
s^ ij = 1,2,....,5) be the projections of r, and r'^  on a plane perpendicular to K, 
respectively. Now if b is the impact parameter, the total phase shift function XN is 
given by: 
• ' ' ^ - ^ - > 
(48) 
Hence, the nucleus-nucleus profile function FN takes the form: 
A B 
-^ '1,1. , Z(b-i,+s',) 
,=1 7=1 
i-r//-(6-;,+?;) (49) 
where Fij is the profile function for a pair of colliding substructures. 
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Now consider the general case of elastic scattering of a projectile 
nucleus B on a target nucleus A where the nuclei are described respectively by the 
ground-state wave functions <//„'"' and y/g*''^  .Applying the Glauber model, the 
elastic scattering amplitude may be written as (e.g. Czyz and Maximon [14], 
Franco and Varma [15]). 
F(q) = ^ l d ' b e x p ( / ^ . 6 ) [ l - ( ^ > „ ^ | i v ^ > „ ^ ) (50) 
sib) = nn\\-r,,(b-s:'+s;'l (si) 
vvhere k is the incident momentum in the centre-of-mass (cm) system, q is the 
momentum transfer, A and B are the mass numbers of the target and the projectile 
nuclei respectively, and ^ iSk^ ^'•^ ^^^ projections of the target (projectile) 
nucleon coordinates on a plane perpendicular to k . 
For the nucleus-nucleus collisions the Coulomb effects are found to be 
important over a wide range of momentum tnasfers. In this case both projectile 
and target are extended charge objects. The extended charge Coulomb effects can 
be included in the same way as for the proton-nucleus collisions, and the elastic 
scattering amplitude is given by 
foM = K(q)-rik to dbbJ,{qb)e""''' \-e-^'''S,,{b) (52) 
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where 
'5ooW = ('/^oVo')|%oVo') (53) 
The quantities Fdq) and/^/ have the same expressions as given in the last section 
except that r} in this case is replaced by ZPZT rj, with Zp and ZT as the atomic 
numbers of the projectile and target respectively. Moreover, it may be pointed out 
that for collisions between light nuclei where the charge form factors can be 
approximated by the Gaussians (or sum of Gaussians), the Coulomb phase shift 
function incorporating the extended charge effects can be evaluated analytically, 
and the resulting expressions for the Xc{b) takes the following form: 
Xc(b)=ZpZrti.E,, (54) 
where E| is the exponential integral whose form for Gaussian form factors has 
been obtained by the Franco and Varma [42] .Here it may be pointed out that the 
expressions (43) and (52) do not take into account for the deviation in the 
eikonal trajectory because of the Coulomb field. Fig. 2 shows the deviation in 
the trajectory due to the Coulomb field. This deviation can be incorporated [43] 
by evaluating the S matrix at the distance of closest approach b' given by 
kb' = j] +{ri- +k~h')"- (55) 
where k is the wave number and b is the impact parameter in the absence of 
Coulomb field. 
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(i) Nucleon-Nucleus Elastic Scattering: 
According to the Glauber theory, the expression for the nuclear phase shift 
function X^ {h) for proton-nucleus scattering is given by: 
-exp iX, {b) Wi |^;^i52.. . .5'^ 1^0 (56) 
where ^^ Q^ stands for the ground state wave function of the nucleus, ^^is the 
•th projection of the j target nucleon coordinate onto a plane perpendicular to 
kand\'^)\>i\ si, s4] is the proton-nucleus profit function, which is related to 
the proton-nucleon profile function T ^ by 
where 
rib;si,S2.SsA)=(l-S(b)} 
s(b)= n\\-rJb-s,] 
/ = ! 
(57) 
(58) 
The proton-nucleon profile function is related to the proton-nucleon amplitude 
through equation 
r„Ab) = -^jd'-be-""f{q) 
2mk 
(59) 
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To obtain the correlation expansion for the elastic scattering amplitude, we 
follow the approach of Ahmad and Auger [44], according to which the product in 
eq. (58) may be written in terms of an effective profile function / in the 
following manner 
4)=n(i-(r,-rJ), 
Yi^^o-^pAb-Sj, 
where 
^0= y/,) 
'_ ^ I 
^pNp-Sj Wo, 
(60) 
(61) 
(62) 
with this, eq. (52) provides the following expression for the elastic scattering 
amplitude 
F,,\q]=fXq]^F,[q]-^^^F\q (63) 
where 
F, «^si< q b*x,„\ /' i - l i - r ^ y e <'] d^b. (64) 
and 
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h\ -ik r {q-b+x„\b\^x\b]\i ,/ ^A-I 
i (./• {k ^ ' (65) 
The summation in eq. (63) starts from 1=2 since 1=1 term does not contribute to 
the elastic scattering. Here it would be appropriate to mention that the expression 
(65) is true only when the NN amplitude is purely spin- independent. Once we 
consider the spin-flip part of the NN amplitude, the same expression is no longer 
valid since the operators involved in the r.h.s. of eq. (61) generally do not 
commute. At energies ~ 1 GeV the spin-dependence in the NN amplitude is fairly 
weak, hence one may neglect it throughout the expansion (63), except in F^ which 
is the leading term in the scattering amplitude. Under this approximation, the 
expression (65) for F,(q) is justified. This also follows from the work of Ray [45] 
which shows that the effect of spin, at the corresponding energy, in the treatment 
of second order potential is fairly small. 
The term F^ in eq. (63), which is similar to the independent particle model (IPM) 
result, represents a passive propagation of the projectile in the field of A nucleons, 
while the terms F, (> 2), which may be treated as the correction terms to the IPM 
calculation, describe a passive propagation of the projectile in the field of (A-1) 
nucleons. In other words, the successive terms in expansion (63) depend upon the 
one-body density, two body correlation function, three-body correlation function 
and so on. More explicitly evaluation of F, and F, gives the following 
expressions: 
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(66) 
r{p''s2f^-^s,)dr\dr2dri, (67) 
where CT and C-t are the two-and three-body correlation function respectively: 
C'2(/-|,r2)= p,\r-\,r2]- p^\r\]p}^i] (68) 
-/7,(n)p,(;2)p,(n) (69) 
with p, (r 1 as the /'^  body density. 
In terms of the ground state densities (form factors) the above expressions 
may be written as: 
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lo;r A: j ! 
where 
(73) 
and 
G, = \d'qe-''''f(q)F{q). (74) 
The quanthies F{q),F''^''\ci^,q-,] and •/^''"(gp^j'^j) in the above expressions are 
the one, two, and three-body form factors respectively: 
F(q)=\p{7)e""dr, (75) 
F'"(^pfL)=lp^"(^M^2>'''"'"'^''^ 'ff^dr„ (76) 
Evaluation of the term Fo which depends upon the intrinsic ground state density of 
target nucleus is trivial. For calculating F2 and F3 we must know the intrinsic two-
body and three-body (densities) form factors of the target nuclei. In the following 
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these are obtained following the approach of Feshbach et al. [46]. These authors 
introduce a model wave function ^,,,(^ ^A)^^ terms of which the intrinsic 
one-, two- and three-body form factors of the nucleus may, at least approximately, 
be written as: 
F(q)=0(q)FM (78) 
F'^>fe,^,) = ^(^,+^,)F</'(^„^,) (79) 
^'" fe , 2^ ' ^ . ) = ^ fe + ^ 2 + I )^ 4/" fe ' ^ 2 ' ^ . I (80) 
where F ,^ ,F^','' ,F^^' are the model one-, two-, and three-body form factors 
obtained from eqs. (75), (76) and (77) by replacing the intrinsic densities by the 
model ones. The quantity ^(^)is the usual cm. correlation correction factor. 
It is well known that the above expressions are exact if ^^ is chosen to be the fully 
antisymmetric oscillator wave function. In this case ^(^)has the form 
0 ( g ) = e x p ( g ' / 4 ^ a - ) (81) 
where cr" is the oscillator constant. Unfortunately, the harmonic oscillator model 
is not always adequate, still it seems reasonable to assume that the expression (81) 
provides a good approximation to the more realistic situation. Following [4] we 
further assume that the model two-and three-body densities may be written as: 
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<(r - , rO=yV'>Jr^K, ( r . ) [ l -g .C ' i - r , | ) , (82) 
(83) 
where hf'* and h/^ are appropriate normalization constants. The quantity 
ScV, ~^, A'-J - ^-^.Bjis the phenomenological two-body correlation function. 
Following Chaumeaux et al. [47], it is further assumed that g^ simulates both 
Pauli and dynamical two-body correlations and is of sufficiently short range so 
that p^,(r) varies little over its range. Now using eqs. (78)-(80), (82) and (83), 
and keeping in mind the assumed short range nature of g^ the intrinsic two-body 
and three-body form factors may be written as: 
F''^{g„g,)=0{q,+q,] ^feiM^s) - r ^ i - ^ 2 ^ 
^te)^fe) gc 2 J A/te+^2) (84) 
and 
^ ' " ( ^ | , ^ 2 ' 9 3 ) = ^(^1 + ^ 2 + ^ 3 ) 
F{q,)Fiq,)F{q,)' (85) 
where g^ [q) and DM(q) are the Fourier transforms of g^ (r) and p^ (r) 
respectively. Here it may be mentioned that since two-body correlation term 
provides a leading correction to the optical-limit result [4], therefore in writing 
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down the intrinsic three-body form factor we have considered only the 
uncorrelated part in the model three-body density. 
The phenomenological g^ (r) should satisfy the following requirements: it 
must be of sufficiently short range, become unity for r=0 to account for the hard 
core in the NN interaction and its volume integral must be zero. This last 
requirement is to preserve the normalization of pl^^ (^ ? ^2) ^o that its integral with 
respect to any one of its coordinates equals the (model) one-body density. Clearly 
the generally used single Gaussian correlation function, 
gXr)=txp(-r'/b') (86) 
with b as the correlation range does not satisfy the last requirement. One may still 
use the above correlation function provided one multiplies the right hand side of 
the eq. (82) by a normalization constant N^'^ which is determined from the 
condition [48] that 
jpl^ir„rJdF,dF,=l (87) 
Needless to say, this approach still suffers from the weakness that the one-
coordinate integration of p[^^{r^,f^) does not give the model one-body density. 
However, if the correlation volume is sufficiently small, the error involved is also 
expected to be small. In any case, when the correlation function is given by 
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eq.(86), the normalization (87) is preferable than using the totally unnormalized 
two-body density. 
Another correlation function which possesses all the desired characteristics 
including the one of its volume integral being zero may be written as: 
g{r) = - ^ -[a^ exp(-aV^) ' / ) ' exp(-/)V^ \i>b (88) 
This has the drawback that it contains two parameters (a and b) about which we 
know little. Ahmad [23] has made calculations using the above parameterization 
also for (J-nucleus scattering at intermediate energies. He found that the effects of 
the above parameterization (88) on o:-nucleus scattering are essentially similar to 
those obtained with the parameterization given in eq. (86). 
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(ii) Nucleus-Nucleus Elastic Scattering: 
As discussed in chapter II, the elastic scattering amplitude for nucleus -
nucleus collision is given by: 
(89) 
To obtain the correlation expansion in this case, we write the Glauber model S-
matrix as follows: 
5(A) = n n ( i - r „ o - r , J (90) 
/ , ;= T o y - r , ^ ( ^ - ? , + ? ; ) (91) 
with 
r,Xb)=lp^ir)PH(f')T,,^-s,+s^}irdr (92) 
where p, and p^ are the ground state densities of the target and projectile 
respectively. 
Using eq. (91) into eq. (90), we get: 
S{b) = S,{b)+ZS,{b\ (93) 
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where 
S,{b) = {\-Y,,Y' (94) 
and 
s,{b) = \{\-Y,,Y''' I s k r„7,^ ,^  .y,^^, (95) 
The primes on the summation signs indicate that two pairs of indices cannot be 
equal at the same time (for example, if /, = i^ then j \ ^ 7, and vice versa). 
Substituting the expansion (93) in eq. (89), one obtains the following expansion 
for the elastic scattering amplitude. 
AB 
F,,{q) = F„{q)+'Z^F,(q), (96) 
where 
^o(^) = :!^iexp (iq.b)il - S,ib))d'b, (97) 
2^ 
and 
ik 
In (98) 
The sum in eq. (96) goes from 1=2 since 5, does not contribute to the elastic 
scattering. 
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The first term /^o(^) in eq. (96) corresponds to the optical-limit result of 
Czyz and Maximon [14] and depends upon the intrinsic ground state densities of 
both the projectile and target. It differs, however, from the expression of Czyz and 
Maximon [14] in that the ground state densities appearing in it are not the 
independent particle model densities and hence the well known cm. correlation 
correction factor which gives divergent cross sections at large momentum 
transfers [49] does not appear in the present formulation. The other terms 
F^{q),which are of the /"'order in the effective profile / , involve the /""body 
density of both the target and the projectile nuclei. These may be regarded as 
providing corrections to the optical-limit calculation. More explicitly, the ground 
state expectation values of S^ and 5^ which give F2{q)and FjC^)respectively are: 
mX 2 
I I 
52k>o'|=^(i-r„„)''"'xi: (%Wi:,r,,^ , ii4y4)-T, (99) 
and 
kVo' ^3kVo')=^{i-roo)'^\iii: |-(^o' 
•\J\ '2J2 'ih 
Vo^  r,, r r, 
'\h l2'2 ' 3J3 
B...A^ ¥M) 
+3r„„o/^ '(//„ |^r;,r, ¥M)~K \ (100) 
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with r^ , ^ = Y^ - ,^ + s\ ] In terms of the ground-state densities (form-factors), the 
above expressions may be written as [15]. 
w,!^ 0 
and 
s._ky^^)=^-(i-r,,r-'[r-^-r'''] (101) 
kv^:\s.k:i/^:)=j^(i-rj^'-ir^-3r^^ (102) 
r{b)=-ABq(b), (103) 
f'\h) = A4A-lXB-l)D,(b)+{B-l)D,(b)+(A-l)D,(b)l 
r\b) = -AB[{A-\){A-2){B-\){B-2)E,{b) 
(104) 
+ ?>{A-\){B-\)[{B-2)E,{b) + {A-2)E,{b] 
+ 6{A-]){B-\)E,{h) + {B-\){B-2)E,{b) + {A-\){A-2)E,{b)\ 
(105) 
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with 
C^b) = -^\d'qe""' F,{q)F,{-q)f{q), (106) 
2mk 
{Imky 
(107) 
^^ ^^^ = 7 7 ^ ^d\d\e-''^^^^^^'Fiq, +q,)Ff\-^, -^J/(^.)/(^2), {2mk) 
(108) 
{2mk) 
(109) 
(z;n/c) 
/ ( ^ , ) / ( ^ 2 ) / ( ^ 3 ) ' (110) 
(z;zzftj 
/ ( ^ , ) / ( ^ 2 ) / ( ^ 3 ) ' (111) 
(2;^ A:) 
/fe,)/fc)/(^J' (112) 
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fiq,)f{q2)fiq,l (in) 
f(q^)f(q2)f(q,l (114) 
^^ '^ ^^  = 7r^^^'^'^'^^^''?^^"'''''^''^*'^^''fe'^^'^3K(-^> -q2-q^)x {zmK) 
fiq^)f(.q2)f{q,)• (115) 
The quantities FXq),Fy-^{q^,q,) and Fl'\q^,q^,q^){v = A,B)m the above 
expressions are the one-, two-and three-body form factors respectively; their 
expressions and the method of their evaluation has been discussed in the last 
section. Here it may be pointed out that the distinction between protons and 
neutrons shall be incorporated in FQ only, as it is expected to be the leading term 
in the scattering amplitude. With this modification, eq. (97) takes the form: 
ZTt 
1 - (i - r j )-'•-' (i - r- y^'- (i - r - f'' (i - r;; f'^ ' \i\ (i i6) 
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with 
C=HV?Uz>-?^+j;fc/oVo^ 
where each of m and n stand for a proton a neutron. 
(117) 
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RESULTS AND DISCUSSION 
Following the approach outlined in Chapter.III, we have analyzed the 
elastic angular distribution of''Li-nucleus scattering at 240 MeV. The target nuclei 
involved in the analysis are "^Si, '^^ "^ C^a, -'**Ni, ""Zr, and '"^Sn. The inputs needed 
in the calculation are the NN amplitude and the form factors of the colliding 
nuclei. 
For computational simplicity, we parametrize the required nuclear form 
factors as a sum of Gaussians: 
^,(^') = I«;^"' '" ' •,v-A,B. (118) 
the values of a, and hj for '"''^ ^Ca, and ^^Ni, used in the calculation are taken from 
Refs. [23,50] while those for *^*Si and ''^ Zr have been determined by the fitting the 
form factors as given by the point proton densities of de Vries et al. [51]. For Li 
form factor, we use the proton density as given in Ref [38]. The values of a, and bj 
so obtained are given in Table I. Moreover, we also assume that the proton and 
neutron density distributions for the aforesaid nuclei are same. For nucleus ' Sn, 
we use different density distributions for protons and neutrons as obtained in the 
relativistic mean field (RMF) [52] approach; the corresponding values of a, and bj 
in the eq. (118) for proton and neutron form factors, given in Table II, are taken 
from Ref [30]. 
Since our main focus in this work is to see how far the consideration of the 
higher momentum transfer components of NN amplitude [29,30] helps in 
accounting for the ^Li-nucleus elastic scattering data, covering large scattering 
angles, the present analysis also involves the similar form of the NN amplitude as 
used in Refs. [29,30]: 
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fm(?) = ^ (1 -iP) e-^'^'^''^"[\-^T (^], (119) 
with 
^(?)= Z A^ '^*""' (120) 
«=1.2 
where cr is the NN total cross section, p is the ratio of the real to the imaginary 
parts of forward NN amplitude. /? is the slope parameter, y is phase variation 
parameter of NN amplitude [53] and the quantities /l„ take care of the higher 
momentum transfer components of NN amplitude; the number of terms in Eq. 
(120) is decided by the need of the given nucleus-nucleus scattering data. The 
values of the parameters {or, p , p , Aj and A2) of f^ N ( ^ ) should be the same as those 
for the NN scattering at one-sixth of the kinetic energy of the incident ^Li nucleus. 
In the present work, we need their values at 40 MeV.The values of CT are obtained 
using the parametrizations of the NN total cross sections [43] which nicely 
reproduce the experimentally determined NN total cross sections [25], cipp(nn) and 
CTpn in the energy range 10 MeV to I.O GeV: 
opp(nn) - 13.73 - 15.04vo'' + 8.76vo"^ + 68.67vo^ (121) 
apn =-70.67-18.18vo"' + 25.26vo"^ +113.85vo, (122) 
where app(„n) and Cp,, are expressed in mb and vo is the incident nucleon velocity in 
units of c. To calculate/? we use the parametrizations of Ahmad et al. [54] which 
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reproduce the values of Ppp(nnj and Ppn obtained from the phase shifts and Coulomb 
interference measurements [26]: 
p^^^^^^^^^^ =-0.386 + 1.224/'"^ "'^ "^^  +1.0k'^/°^^« ^ (123) 
^^ ^^ , =-0.666 + 1.437/^^ '''' ' +0.617^"^^ " '" ^ , (124) 
where the incident nucleon laboratory momentum k is expressed in the GeV/ c. 
As already pointed out, since our aim is to test the suitability of the higher 
momentum transfer components of the NN amplitude [29,30] in explaining the 
nucleus-nulceus scattering data at relatively large scattering anlges, we take the 
same values of the parameters (p, A/, and X2) of the NN amplitude at 40 MeV as 
determined in Ref [29]. 
The results for '^Li-nucleus elastic angular distributions at 240 MeV with 
the parameters of the NN amplitude, as obtained in Ref. [29] are presented by the 
solid lines in Figs. 3 and 4; here also the values of the phase variation parameter 
{y) are reported in Figs. 3 and 4. For comparison, we have also calculated the ^Li-
nucleus elastic angular distributions using the one-term Gaussian parametrization 
of the NN amplitude. The results of such calculations are also presented in Figs. 3 
and 4, but by the dotted lines. From these results we find that though they also 
demonstrate the need of the higher momentum transfer components of the NN 
amplitude, but we notice large disagreement between theory and experiment at 
relatively large scattering angles. Moreover, we find (results not shown) that even 
a reasonable variation in the parameters of the NN amplitude [29] is not very 
helpful in improving the theoretical situation. An apparent reason to this result 
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may be connected with different orders of the penetration of a particles and ^Li 
ions into the target nucleus at a given incident energy/nucleon. Moreover, the 
individual characteristics of the probes may also influence the NN amplitude in 
the 'effective' overlap regions of the colliding nuclei in different ways. Thus it is 
very likely that high-q components of the NN amplitude, which have been 
determined from the analysis of a-a scattering data [29] may not suit for other 
projectiles. Keeping this in mind, we, as a test, undertook the case 
scattering at 240 MeV and made a calculation in which we have varied the 
parameters {X\ A.2. and y) of the NN amplitude (119) up to the extent of getting an 
overall satisfactory account of the experimental data. It is found (results not 
shown) that we are able to get satisfactory account of the data, but this exercise 
leads to another set of the parameters of the NN amplitude in which the real part 
of AI shows relatively large derivations as compared to the values of other 
parameters [29]. It seems that it might be only the first term in eq.(I20) that could 
suffice for the present analysis. Thus, instead of taking into account both Ai and 
A2, we revised our calculations in which the higher momentum transfer 
components of the NN amplitude have been involved through the real parts of A/ 
As a matter of fact, the present analysis involves only the real parts of i/ for the pp 
and pn amplitudes as the variation parameters. The results of such calculations are 
presented by the solid lines in Figs. 5 and 6, and the values of the parameters 
obtained in this way are given in Table III. It is found that the consideration of the 
first term in eq. (120) and that too its real part only is able to provide an overall 
satisfactory account of the experimental data up to fairly large scattering angles, 
and the results are found to be as good as those (not shown) obtained with the 
variation of the real as well as imaginary parts of the Ai and A2 [29]. This indicates 
that the given set of nucleus-nucleus elastic scattering data may be decisive in 
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choosing the number of terms in eq. (120) which controls the higher momentum 
transfer components of the NN amplitude. Further we notice that the parameters 
of the NN amplitude (Table 111) are fairly stable for different target nuclei at the 
same incident energy/ nucleon; however, the phase of the NN amplitude is found 
to be different for different target nuclei, showing that at a given incident energy it 
gets modified in different ways in different nuclear media. To support these 
findings, we, however, need experimental data on nucleus-nucleus total reaction 
cross-sections fo/^, as one gets close values of CTR with and without considering 
higher momentum transfer components of the NN amplitude (Table IV); the 
difference between the two values of 07? is found to be less than 5 %. 
In order to assess the change in the high-q behavior of the NN amplitude 
as one goes from the a-nucleus case [29] to Li-nucleus one, we compare the q-
dependences of the NN amplitudes obtained from the analysis of the a-a 
scattering data [29] and in the present analysis (Table III). For this we present the 
corresponding elastic pp and pn angular distributions in Fig. 7. The solid and 
dotted curves are obtained from the NN amplitude parameters reported in table III 
and Ref [29] respectively; here we have used the average values of A/ obtained 
for the different target nuclei (Table III) .The results show significant deviations at 
large q-values. In this connection, it may be noted that since (i) the behavior of the 
NN amplitude in nuclear medium may be connected with the 'effective' overlap 
region of the colliding nuclei, which could be different for different projectiles at a 
given incident energy/nucleon and (ii) the medium modifications may be 
simulated in the free variation of X's in eq. (120), which controls the large q-
behavior of the NN amplitude, it seems reasonable to accept the deviations in the 
large q-components of the NN amplitude in nucleus-nucleus collisions for 
different projectiles at a given incident energy / nucleon. 
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Table I. 
Parameter values of the sum of the Gaussian parametrization of the nuclear form 
factor. 
Nucleus 
L^i 
^ISn 
«^Zr 
«y 
15.20797 
0.65592 
-0.84942 
-14.01446 
-2.02919 
8.19402 
2.67197 
-9.56563 
4.01493 
-2.28609 
-4.59717 
5.22519 
5.98312 
-9.56303 
7.66540 
-3.71357 
bjifm') 
1.28919 
0.59925 
0.97499 
1.29690 
0.63517 
0.42651 
0.49093 
0.42921 
1.11203 
0.99204 
1.19721 
0.57257 
0.37788 
0.41645 
2.02560 
2.22123 
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Table I. (contd.) 
'^'Ca 
^«Ca 
^«Ni 
2.274 
-2 970 
1.641 
0 055 
2.5419 
-3.1575 
0.0618 
1.5537 
-6.59184 
0.78328 
-4.98424 
-77.05336 
3.61990 
85.22626 
1.351 
0.738 
0.622 
0.508 
1.3638 
0.7741 
0.4040 
0.6352 
0.75715 
0.26849 
0.38798 
0.47223 
1.34446 
0.47492 
. ^ ^ - — - ^ ^ 
Table II. 
Parameter values of the sum of the Gaussian parametrization of the 
proton and neutron form factors. 
Nucleus 
"^ S^n 
Proton 
«; 
9.6062 
1.4189 
-0.1699 
-9.8552 
form factor 
bj {W) 
1.6930 
0.5797 
0.0632 
1.3842 
Neutron form factor 
aj 
4.7149 
1.7090 
-0.0743 
-5.3496 
^y(W) 
2.0568 
0.8218 
0.0611 
1.3816 
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Table III. 
Values of the NN amplitude parameters at 40 MeV obtained 
from the analysis of ^Li-nucleus elastic scattering angular 
distributions, keeping the values of a, p, and fi same as reported in 
Table 1 of Ref [29]. 
Target 
Nucleus 
«^Si 
^«Ca 
^^Ca 
^^ Ni 
''Zx 
"^ Sn 
NN 
pp(nn) 
pn(np) 
pp(nn) 
pn(np) 
pp(nn) 
pp(np) 
pp(nn) 
pn(np) 
pp(nn) 
pn(np) 
pp(nn) 
pn(np) 
Y 
(fm^) 
-1.9035 
1.0580 
-1.7010 
0.8642 
-1.8353 
1.0517 
-1.4127 
0.6100 
-1.3425 
0.5486 
-0.5957 
0.6677 
(W) 
0.8100 
0.1247 
0.8227 
0.1253 
0.8228 
0.1256 
0.8107 
0.1238 
0.8233 
0.1218 
0.8225 
0.1254 
57 
• 
> 
h N 
H 
o 
• 4 — > 
> 
<u 
a. 
C/2 
o 
ex 
b 
o 
tc 
I-
-a 
c 
03 
^b 
> 
o 
- 4 — » 
03 
C/1 
c 
_o 
(/3 
C/2 
p 
O 
U 4 
O 
3 
CJ 
: 3 
^0 
3 
in 
.s 
70 
.2 
' - * - j 
3 
o 
- *—» 
-a 
c 
o 
a 
CO 
O 
u 
a: 
^ ' 
-T3 
G 
CO 
m 
w 
D 
DO 
_C 
C/2 
> 
o 
o 
-o 
-a 
c 
c3 
."H 
• t—> 
o 
1 
00 
C/3 
c 
-2 
3 
"3 
O 
S 
"c3 
o 
ex O 
<u 
+-> 
o 
1/2 
o 
• ( - > 
o 
S- i 
b 
MD 
c3 
Oct g 
b ^ ^ 
1°=! 
^L5 £ b w 
v | 
S*^  i> M — 
C5 3 
H Z 
—1 
en 
oT 
^ 
o 
o 
i n 
o I ^ 
0 0 
^ 
o 
CO 
• ^H 
t>0 
00 
-
o ' 
o 
ON 
o 
r4 
ON 
ON 
0 0 
o 
O N 
' • ^ 
m 
o 
0 0 
CO 
u 
o 
o " 
O (N 
ON 
I T ) 
o 
O 
rsl 
^ 
o 
l O 
ON 
a O 
CO 
oT 
>^ 
0 0 
y^ 
^ 
p" 
r^ 
oo 
C N I 
ON 
(N 
i r l 
rs) 
o 
o 
< N 
^^  
2: 
00 v^ 
oT 
q 
<3N 
r--(N 
^ 
^ 
o 
ON 
o 
CN 
( N 
O 
C N 
< N 
( l 
N 
O 
c? 
S 
q" 
o 
rn 
oT 
^ 
m 
^ 
^ 
ON 
C ^ 
0 0 
0 0 (N 
q 
rn 
0 0 
C3N 
0 0 
<N 
^ 
0 0 
o 
m 
d 
References: 
[I] R. J. Glauber, Lectures in Theoretical Physics, boulder, 1959 (New York 
Interscience Publishers) 1 (1959) pp 315. 
[2] I. Ahmed, Nucl. Phys. A247 (1975) 418. 
[3] G.D Alkhazov, S. L. Belostotsky, and A. A. Vorobyov, Phys. Rev. 42 (1978) 
89. 
[4] Z. A. Khan, Z. Phys. A303 (1981) 161. 
[5] E. Bleszynski et al., Phys. Rev. C25 (1982) 2563. 
[6] Z. A. Khan and Minita Singh, Int. J. Mod. Phys. E14 (2005) 787. 
[7] Z. A. Khan and Minita Singh, Int. J. Mod Phvs. E16 (2007) 1741. 
[8] J. Chauvin, D. Lebrun, A. Lounis, and M. Buenerd Phys. Rev. 
€28(1983)1970. 
[9] J. Chauvin, D. Lebrun, F. Durand and M. Buenerd, J. Phys. G: 
Nucl. Phys. 11(1985)261. 
[10] J. Y. Hostachy et al., Nucl. Phys. A490(1988) 441. 
[II] S. M. Lenzi, A. Vitturi and F. Zardi, Phys. Rev. C40 (1989) 2114. 
[12] S. K. Charagi and S.K Gupta, Phys. Rev. C46 (1992) 1982. 
[13] Deeksha Chauhan and Z.A. Khan, Phys. Rev. C75 (2007) 054614: 
[14] W. Czyz and L. C. Maximon, Ann. Phys. (NY)J2 (1969) 59. 
[15] V. Franco and G. K. Varma, Phys. Rev. €18(1978) 349. 
59 
[16] M. M. H. El-Gogary, A. S. Shalaby, M. Y. M. Hassan, and A. M. Hegazy, 
Phys Rev. C6i (2000) 044604. 
[17] Y. Yin et al., Nucl. Phys. A440 (1985) 685. 
[18] Huang Xiang Zhong, Phys. Rev. C51 (1995) 2700. 
[19] I. Ahmed, M. A. Abdulmomen and M. S. Al-Enazi, Phys. Rev.C65 (2002) 
054607. 
[20] I. Ahmed, M. A. Abdulmomen and M. A. Alvi, Int. J. Mod. Phys. E l l (2002) 
519. 
[21] 1. Ahmed and M. A. Alvi, Int. J. Mod. Phys..E13 (2004) 1225. 
[22] Deeksha Chauhan and Z. A. Khan, Int. J. Mod. Phys. E18 (2009) 1887. 
[23] I.Ahmed, J. Phys. G: Nucl. Phys.^(1980) 947. 
[24] N. F. Golovanova and V. Iskra, Phys.Lett. B187(1987) 7. 
[25] G. Giacomelli: Total Cross section Measurments: Progress in Nuclear 
Physics 12, Part 2 (Pergamon, New York, 1970). 
[26] W. Grein, Nucl. Phys. B131 (1977) 255. 
[27] E. Kujawski, D. Sachs and J. S.Trefil: Phys. Rev. L e t t . ^ (1968) 583. 
[28] J. P. Auger. J. Gillespie and R. J. Lombard: Nucl. Phys. A262 (1976) 372. 
[29] Deeksha Chauhan and Z. A. Khan, Eur. Phys. J. A41 (2009) 179. 
[30] Deeksha Chauhan and Z. A. Khan, Phys. Rev. C80 (2009) 054601. 
[31] B. Bonin et al., Nucl. Phys. A445 (1985) 381. 
60 
[32] H. L. Clark, Y. -W. Lui and D. H. Youngblood, Phys. Rev. C57 (1998) 
2887; ibid. Nucl. Phys. A687 (2001) 80c. 
[33] D. H. Youngblood, Y. -w Lui and H. L. Clark, Phys. Rev. €65 (2002) 
034302. 
[34] Bency John, Y. Tokimoto, Y. -W.Lui, H. L. Clark, X. Chen 
and D.H. Youngblood, Phys. Rev. €68 (2003) 014305. 
[351 A. Nadasenetal., Phys. Rev. €37 (1988) 132. 
[36] A. Nadasen et al., Phys. Rev €39 (1989) 536. 
[37] A. Nadasen et a!.. Phys. Rev. €40 (1989) 1237. 
[38] X. Chen, Y. -W. Lui, H. L. Clark, Y. Tokimoto, and D. H. Youngblood, 
Phys. Rev. €76 (2007) 054606; /6/c/80 (2009) 014312. 
[39] Krishichayan, X. Chen, Y. -W. Lui, Y. Tokimoto, J. Button, and D. H. 
Youngblood, Phys. Rev._C81 (2010) 014603. 
[40] Krishichayan, X. Chen, Y. -W. Lui, J. Button, and D. H. Youngblood, Phys. 
Rev. €81 (2010)044612. 
[41] R. J. Glauber and G. Matthiae. Nucl. Phys. B21 (1970) 135. 
[42] V. Franco and G. K. Varma, Phys. Rev. €12 (1975) 225. 
[43] S. K. Charagi and S. K. Gupta, Phys. Rev. €41 (1990) 1610. 
[44] I. Ahmed and J. P. Auger, Nucl. Phys. A352 (1981) 425. 
[45]L. Ray, Phys. Rev €19 (1979) 1855. 
61 
[46] H. Feshbach, A. Gal and G. Hufner, Ann. Phys. 66 (1971) 20. 
[47] A. Chaumeaux, V. Layly and R. Schaeffer, Ann. Phys. 116 (1978) 247. 
[48] G. K. Varma, Nucl. Phys. A294 (1978) 465; Phys. Rev. C17 (1978) 267. 
[49] V Franco, Phys. Lett._61B (1976) 444; 64B (1976) 13. 
[50] M. A. Alvi, M. Riyadh Arafah and Faraj Saeed Al-Hazmi, J. Phys. G: Nucl. 
Part. Phys. 37.(2010) 045101. 
[51] H. de Vries et al.. At. Data and Nucl. Data Tables 36 (1987) 495. 
[52] Y. K. Gambhir, P. Ring and A. Thimet, Ann. Phys. (NY) 198 (1990) 132, and 
references cited therein. 
[53] V. Franco and Y. Yin, Phys. Rev. Lett. 55 (1985) 1059. 
[54] 1. Ahmed, M. A. Abdulmomen and L. A. Al-Khattabi, Int. J. Mod. Phys. ElO 
(2001)43. 
62 
10' 
Y pn 
= -1.7162 fm 
= 0.7521 fm 
10 20 
61 - 28 r^ -LI - SI 
30 40 
= -1.7184 fm' 
= 0.9633 fm' 
X 10 
ixi ' ^ 
I 10-
\ l - '°Ca 
0 10 20 30 40 
10^  
10-^  
10 
10" 
10" 
1 - 1 ' 1 
; ^ y© PY® vV-:^)^ 
: Y =" 1.9687 fm' 
pp 
Y = 1.1655 fm' 
' pn 
1 
— 1 . — 1 
- ^ 'Ca 
'• 
\ 
0 10 20 30 
e Jdeg) 
40 
cm. 6 28 
Figure 3: Elastic angular distribution for 240 MeV Li from Si, and 
' Ca. The solid curve involves the parameters of the NN amplitude 
as given in [29]. The dotted curve is the result of without the higher 
q components of the NN amplitude. The data are from Ref. [38,40] 
10" 
Y = -1.5338 fm' 
'pp 
Y = 0.9511 W 
' pn 
6i - 58^1-Li - Ni 
0 10 20 30 40 
c^ W 
10 
10 
a 
::r 10 
d. 
^ 10 
-1 
-2 
•3 
a 10 
r - . ^^ 
• \ i 
1 
- Zr 
1 
... 1 . 1 
Y = 1.2957 fm' • 
pp 
Y =-0.1182 fm' 
' pn 
To \°/^'^q2^^=^^:)-^^ 
1 . 1 
0 
-1 
-2 
10^  
10 
10 
10 
10 
10 
10" 0 
10 20 30 
= 1.4778 fm 
= 0.1154 fm' 
2 , 
10 
0 
cm. 
20 
(deg) 
30 
58. Figure 4: The same as in figure 3, but from Ni, 
Zr, and Sn. 
10 20 30 
e.(deg) 
40 
cm. 6. Figure 5: Elastic angular distribution for 240 MeV Li 
28 40 48 
trom Si, and ' Ca using the parameters of the NN 
amplitude as given in table III. 
10" 
10-^  
10-^  
10-^  
10 
10 
-5 
-6 
; 1 , - 1 
• cP 
1 
1 
V , • 
0 10 
e Jdeg) 20 30 
cm 58. Figure 6: The same as in figure 5, but from ''^Ni, 
9(L ,116^ . . 
Zr, and Sn. -^* 
a 
^^^ 
^ J2 
B 
E 
^—^ 
a 5 
^ 
T3 
18 
16 
14 
12 
10 
8 
6. . (deg) 
cm. 
e ^ (deg) 
cm. 
Figure 7: Elastic pp and pn angular distributions at 
40 MeV. The solid and dotted eurves correspond, 
respectively, to the parameters of the NN amplitude 
as given in table III and [29]. 
